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INTRODUCTION 
Prescribed fire may be defined as any controlled fire delib­
erately set to achieve one or more forest management goals. Site pre­
paration and hazard reduction are the 2 main uses of prescribed fire in 
•western Montana at the present time. The increased importance of pre­
scribed fire in accomplishing these management objectives is evidenced 
by the broadcast burning of more than 10,000 acres in Region 1 National 
Forests in 1963 as compared to only 1,500 acres in 1959-
Burning for hazard reduction has the express purpose of re­
ducing the amount of combustible material present. The object of site 
preparation is to improve the chances of seed germination and survival 
of certain desired timber species over other less desirable species by 
reducing the depth of the organic mantle. 
A forest manager must know as soon as possible if a given fire 
has accomplished the desired goals. At the present time there are only 
subjective methods of determining whether a prescribed fire achieved its 
objectives. If a fire fails to obtain its given objectives, there is no 
way of measuring how close it did come. Until a means of comparing a 
successful fire with an unsuccessful one is devised, it will be very 
difficult to find and assess the causes of failure. 
It vould also be desirable to be able to predict duff reduction. 
If limits could be set on the variables governing the fire so that any 
desired duff reduction could be achieved, manpower and money would not 
be wasted by burning under the wrong conditions. 
Although there are many ways to characterize a fire, thermal 
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measurements are used in most. Three general devices predominate. 
They include (l) thermocouples, (2) total radiation Instruments, eind 
(3) compounds with different melting points. Calorimeters can also be 
used to sample the thermal behavior of fires. Martin (1963) used 
roaster pans filled with water to find the heat output of prescribed 
fires. The pans were supported approximately 3 feet above the ground. 
Water temperature was measured before and after each fire to determine 
heat output. Beaufait and Steele (1963) tested a reproducible organic 
calorimeter in the form of laminated wood blocks I5 cm square to com­
pare fires burned under different conditions. Advantages of calori­
meters are that they are economical, simple in design, and in some 
instances, reusable. Disadvantages are that neither the variables 
affecting the calorimeters during a fire nor the magnitude of the 
individual effects of the variables are known. However, many of these 
factors and their effects can be determined through experimentation. 
Fire intensity measured at several points in a prescribed fire 
would quantitatively describe the fire and serve as a basis for com­
paring the effects of fire upon site within and between fires. Both 
Martin and Davis (I96I), and Beaufait (I965) felt that sampling of the 
variables affecting fire intensity was a prerequisite to any analysis 
of fire behavior and fire effects. However, fire intensity signifies 
a rate of heat release and the parameters affecting it may be both 
difficult to measure and indirect in their effect upon the site. 
Beaufait (1965) designed a calorimeter in the form of a water can fire 
analog that integrates the effects of a fire upon its site. These 
fire analogs are to be used as a standard for evaluating the effects of 
prescribed fire upon a site. The analogs are placed in clearcuts that 
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are subsequently "burned. The amount of water lost from an analog 
through evaporation will depend upon the magnitude of the heat energy 
incident upon the analog. 
The analogs are new 1-gallon paint cans sprayed with flat black 
paint to induce heat absorption and give the surface of the cans a 
uniform absorptivity. The cans, including lids, weigh 400^ 20 grams. 
The analogs are filled with approximately 3 liters of tap water, which 
leaves an air space of 4 centimeters, and then sealed with friction 
lids to prevent water loss while handling. 
Both the physical properties of the analogs themselves and the 
effects of the various fire related variables upon the analogs have to 
be examined. This particular study investigates the Influence of the 
variation in 2 fire related factors upon the analogs j namely duff 
depth and the duff moisture regime. Other studies dealing with the 
physical properties of these analogs are also under way at the Northern 
Forest Fire Laboratory. 
The surface area of the analogs exposed to a fire and the heat 
energy available for heating the analogs will depend upon the duff 
depth and Its moisture profile. Both of these factors will vary de­
pending on the vegetation present, location, and weather, but these 
relationships are not well understood. Before any meaningful in­
vestigation of the effects of duff depth and duff moisture upon an 
analog can be Initiated, the range of the depth and moisture profile 
of duff has to be sampled, differences analyzed, and measuring tech­
niques established and perfected. 
This study was thus divided into 2 distinct phases. The first 
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phase deals with the duff depth and its moisture profile, while the 
second phase includes the relationships between these 2 factors and 
the analogs during prescribed fires. 
MAJOR OBJECTIVES 
1. To sample the range of the depth and moisture profile of 
interior Douglas-fir (Pseudotsuga menziesii Mir"b.) duff on typical 
clearcuts in western Montana. 
2. To investigate the effects of differences in duff depth 
and moisture content upon water can analogs during prescribed fires. 
Specific Objectives 
1. To examine the effects of aspect and slope upon the duff 
and moisture profile of the duff. 
2. To study the effects of precipitation upon the moisture 
profile of the duff. 
3- To test the utility of duff hygrometers in characterizing 
duff moisture. 
4. To find if one or more of the variables sampled can be 
used to predict water loss from the analogs. 
IMN OF INVESTIGATION 
The 2 major objectives of this study were dealt with sep­
arately. The first phase was concerned with the depth and moisture 
profile of the duff and was carried out during the summer of 1964. 
PHASE I 
Study Areas 
This phase of the study was conducted on 12 plots, each l/35 
acre, located on 3 clearcuts in the Cow Creek Drainage, 9 miles north 
of the Anaconda Lumber Camp at Twin Creeks. The plots were all lo­
cated in township 14 north, range 16 west, Missoula County, Montana. 
Tlie commercial timber occupying the study plots was logged 
for the first time in October 1963. Remaining unmerchantable trees 
were felled in April - îfey of 1964. The clearcuts were l4, 37; and 
58 acres In size. A study of the stumps on the 3 clearcuts revealed 
that the areas had been free from fire at least 65 years. 
The clearcuts were within 1 mile of each other and ranged in 
elevation from 4lOO to 4300 feet. Douglas-fir was the predominant 
species on the clearcuts although varying amounts of western larch 
(Larix occidentalis, Nutt.), lodgepole pine (Pinus contorta, Dougl.), 
Engelmann spruce (Picea engelmannii, Parry ex Engelm.) and sub-alpine 
fir (Abies lasiocarpa, Uutt.) were present. 
The following criteria were used in choosing the plots: 
lo Slash -- one year old. 
2. Species -- original overstory at least $0̂  Douglas-fir. 
3. Duff -- undisturbed by logging. 
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4-. Location — at least 50 meters from the nearest 
forest "border. 
5. Direction — a maximum of 3 plots within 30° of each 
of the cardinal directions. 
Each plot was 12 meters in diameter. ïhis size was the maxi­
mum allowable "because of the a'bundance of skid trails. Plot centers 
were established and marked with 2-meter range poles. 
Table 1 describes the 12 study plots. The diameters of all 
trees were taken at stump height. 
Methods 
The Society of American Foresters (1950) defined duff as 
"forest litter and other organic debris in various stages of de­
composition , on top of the mineral soil." Hoover and Lunt (1952) de­
fined duff as any material from freshly fallen leaves, needles, twigs, 
stems, bark, and fruit to indistinguishable decomposed matter. 
The lower layer of the duff can be saturated with water while 
the upper portion will be dry enough to carry fire. Therefore, moisture 
determinations were made at both the upper (surface) and lower (bottom) 
layers of duff. The method of moisture determination used should be 
capable of giving consistent results with both wet and dry samples. 
A brief discussion of the moisture determination methods considered 
follows. 
The moisture content of any forest fuel may never be in 
equilibrium with its environment because of the lag time between a 
given fuel moisture and the atmospheric conditions to which it is re­
sponding (King and Linton, 1963} I^yram and Jemison, 1943). Therefore, 
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TAELE 1 
CHAmCTEEISTICS OF 12 SOnDÏ ELOTS 
Plot Wo. Clearcut No. Aspect % Slope Number of 
Douglas-fir 
Trees 
other 
Median Stump 
Diameter 
1 1 ÏÏ60W 35 3̂ 0 1.0 
2 1 S05W Ih 0 2.0 
3 1 NITW 45 25 1 2.5 
h 3 HOij-E 15 59 46 1.0 
5 3 82# 20 89 4 1.0 
6 3 W82E 15 101 IT 1.0 
T 3 S63W 15 i+9 0 1.0 
8 3 S20W 20 32 11 2.0 
9 2 wo8w 30 37 26 2.0 
10 2 ÏÏ83E 25 26 0 1.0 
11 2 N66¥ 20 66 19 1.0 
12 3 ÏÏT2E 15 114 8 1.0 
any statistical correlation between a forest fuel and one or more 
meteorological parameters would give a true estimate of fuel moisture 
only at some period after the atmospheric conditions were sampled. 
Fuel moisture sticks are supposed to represent the moisture 
content of forest fuels about l/2 inch in diameter. Thus, they would 
be a poor choice to use to measure duff moisture alone. In fact, 
Wilson (1958) believed the accuracy of these fuel moisture sticks 
could at least be equaled by estimating fuel moisture content di­
rectly from meteorological parameters. 
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The duff hygrometer is an instrument designed specifically 
to measure duff moisture content. It is composed of a piece of rattan 
connected to a pointer that is calibrated to read directly the moisture 
content of the rattan in percent. The rattan responds to changes in 
its environment at about the same rate as duff (Kachin and Gisborne, 
1937)' The rattan is enclosed in a metal cylinder that has numerous 
holes in it to allow the air to circulate (See Appendix A for a sketch 
of a duff hygrometer). Turner _et (1961) assert that the difficulty 
in calibrating these hygrometers is the main reason they are not more 
widely used. Another problem is that different pieces of rattan re­
spond differently to a given change in moisture. The hygrometers thus 
have to be standardized with each other before any comparisons can be 
made (Kachin and Gisborne, 1937)' 
A recently developed instrument called the xerometer is currently 
undergoing tests at the Pacific Southwest Forest and Range Experiment 
Station (Burton, 1964). Evidently this instrument is like the duff 
hygrometer in that its sensing element also responds to changes in 
microclimate. 
Ovendrying is the slowest of all common moisture determination 
methods. The results are also subject to various errors attributable 
to temperature gradients in different parts of the oven, differences 
in room relative humidity, and the equilibrium moisture content of 
the sample at low relative humidities (Anonymous, 1961) Buck and 
Hughes, 1939)' 
Nichols (1929) described a method whereby he cut out sections 
of the forest floor I8 - by 12 by 1 inch, put them In wire baskets 
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and replaced the baskets in the forest floor. The "baskets were then 
regularly weighed on location with a spring "balance. Because of the 
variability in the physical components making up the duff layer̂  it 
would be impossible to find any two sections of duff exactly alike. 
A moisture gradient would also exist in the samples and an average 
moisture content would be determined instead of separate surface and 
lower layer moisture contents. 
Hie solvent distillation method is a rapid and accurate tech­
nique for comparing moisture contents (Buck and Hughes, 1939)• In 
this method a solvent which is immiscible in water is added to the 
sample. When the mixture is boiled, each of the two liquids will 
exert its own vapor pressure, causing the mixture to boil at a lower 
temperature than the boiling point of either liquid. Both the sol­
vent and water are vaporized and driven into a condenser where they 
are condensed back to liquids and flow into a graduated receiver. 
The specific gravity of the water is higher than that of the solvent 
so it will sink to the bottom of the receiver where it can be 
measured. 
Titrimetry utilizing Karl Fischer reagent is one of the most 
widely applicable and rapid procedures for moisture determination 
(Mitchell and Smith, 19̂ 8). A known weight of sample is placed in a 
standardized solution of water-in-methanol and Karl Fischer reagent. 
Titrant, in the form of K. F. reagent, is then added. The reagent 
is a solution of iodine, sulfur dioxide and pyridine in methanol. As 
long as any water is present in the sample, the iodine is reduced to 
colorless hydrogen iodide. The first appearance of free iodine, as 
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determined either visually or electrometrically, signifies the end-
point of the reaction. the use of appropriate formulas, the 
moisture content of the sample can be determined (Anonymous, I9S3). 
The Karl Fischer method is faster, uses less sample and can "be em­
ployed with more substances than the solvent distillation method. 
The Karl Fischer method vas thus used to determine the moisture content 
of both the upper and lower layers of duff to the nearest 1 percent. 
Sampling Techniques 
Duff depths were measured at each sampling point every time 
a moisture sample was taken. The L and F layers of duff were measured 
to the nearest 0.5 cm by using a ruler. A standard 8-lnch rain guage 
was placed on each clearcut to measure precipitation. They were 
checked at least once each week. 
Both the upper and lower layers of duff were sampled at three 
points on each of the 12 plots once each week, giving a total of 72 
samples per week. The three points sampled per plot were chosen by 
picking three axlmuths and distances from a table of random numbers. 
The same readings were used for all plots. All samples were taken 
between 1030 and I630 hours. The order of plot sampling was reversed 
each week. Duff samples at both levels on all plots were taken with 
a pair of forceps, placed in 4-inch test tubes, sealed with cork 
stoppers and brought to the laboratory where they were ground and 
passed through a 4o-mesh screen in a Wiley Mill. The moisture con­
tents were then determined by the Karl Fischer titration method. 
îhose samples too wet to be reduced without danger of clogging the 
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Wiley Mill had their moisture contents determined "by the gravimetric 
method as described by Anonymous (I96I). A Weber electric gravity-
convection oven was employed for this purpose. At moisture contents 
over 25 percent the duff is not readily flammable (Gisborne^ 1928) 
Stickel, 1932) and less accuracy is thus necessary. 
Three duff hygrometers were checked against the Fischer re­
sults to determine their accuracy in characterizing the moisture of 
the surface duff layer. They were placed near the centers of plots 
1, 2 and k. The hygrometers were inserted in the duff as close to 
the surface as possible without showing. Once placed, they were left 
undisturbed until the end of the experiment. Each instrument was 
read at the same time the plot was sampled. A sketch of a duff 
hygrometer can be found in Appendix A. 
PEESMTA-TION OF THE DATA. 
Duff Depth 
Between 15 and l8 duff depth measurements were taken on each 
plot. Their averages ty plot and aspect are given in Figure 1. It 
can he seen that the duff is deepest on the east plots and shallowest 
on the south plots. Duff depths -were significantly different between 
north and west, north and south, south and east, and east and west 
aspects. Results of "t" tests for differences at the .05 level can 
be found in Table 2. Mean duff depth was 2.31 cm with a standard 
deviation of 0.55* The usual precautions should be taken when 
interpreting these "t" values since they were derived from the same 
data. 
TA3LE 2 
"t" TEST RESULTS FOR DUFF DEPTH DIFFERENCES 
BETWEEN ASPECTS 
Aspect Calculated 
t 
Tabular t 
at .05 Level 
S&¥ .207 1.984 
N&E .859 1.983 
N&W 3.76 1.98k 
ms 3.88 1.984 
S&E 3.32 1.984 
E&¥ 3.35 1.983 
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Precipitation 
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A frequency histogram of precipitation per week for each clear-
cut is presented in Figure 2. The total amounts of precipitation re­
corded on each cleafcut from June 25th to September 3rd are as follows : 
Clearcut 1 = 3*25" 
Clearcut 2 = 2.96" 
Clearcut 3 " 3-01" 
The mean total for these clearcuts is 3-10" with a standard 
deviation of 0.12. There were no significant differences between clear-
cuts. The U. S. Weather Station located 25 miles southwest of the 
study area at the Missoula County Airport recorded 5-95" of precipi­
tation from June - August. This is 2.4-3" above the average for this 
three month period. Half of this excess fell during July and August. 
The Greenough weather station is approximately 10 miles east of the 
study area. This station is 1000' higher than the airport but is still 
300-400' below the sample plots. Records from this station for July 
and August of 1964 show that precipitation was 2.17" above the normal 
1.00" recorded during this period. 
Moisture Content 
A total of 638 samples were taken̂  316 at the duff surface and 
322 at the lower duff layer. The moisture contents determined from 
each sample are given in Appendix B. The samples collected on July 30th 
were not used in determining the summer averages because it began 
raining midway through sampling. 
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The average moisture contents "by plot and aspect are given In 
Figure 3• The summer average of the upper duff layer vas below 16 
percent on all 12 plots and "below 12 percent on 5 plots. Surface duff 
moisture above 25 percent flreproofs the duff while moisture contents 
below 10 percent produce maximum fire hazard (Eyram et al., 1952> 
StIckel, 1932). Eighty-five of the IO7 weekly surface duff averages 
were below 16 percent and 33 were below 10 percent. 
An analysis of variance (See Appendix C) was used to test for 
differences in surface moisture between aspects, slopes and clearcuts. 
The samples taken on July 30th were not used in this analysis. No 
significant differences were found. 
Moisture Determination Methods 
The moisture contents of 43 samples were determined by both 
the Fischer titration and gravimetric methods to give a comparison of 
the two methods. The results are reproduced in Appendix D. The mean 
difference between moisture contents as determined by the two methods 
was 10 percent with a standard deviation of 8.6. 
Duff Hygrometers 
The weekly hygrometer readings by plot and hour can be found 
in Appendix E. The scale on each hygrometer was constructed so that 
any readings below 20 percent could be estimated to the nearest O.5 
percent while values above 20 percent could only be estimated to the 
nearest percent. 
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FIGURE 3 
EIGHT WEEK SUMMER AVERAGE 
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DISCUSSION OP THE RESULTS 
Duff Depth And Vegetation 
The differences in duff depth between aspects can be explained 
by the amount of vegetation present before logging. Table 3 shows the 
number of trees and average duff depth for each aspect. 
TABLE 3 
NUMBER OF TREES AND AVERAGE DUFF DEPTH BÏ ASPECT 
No. of No. of Average 
Aspect Plots trees present Duff Depth 
E 3 266 2.96 
B 3 194 2.64 
¥ 3 177 1.86 
S 3 150 1.77 
This is a logical relationship since more plant material 
would reach the forest floor with an increase in stand density. 
The number of trees seemed to be influenced by the steepness 
of slope as indicated by Table 4. As percent slope increased, the 
number of trees present decreased. 
TABLE 4 
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AVERAGE NO. OF TREES AND DUFF DEPTH BY SLOPE 
'jo Slope 
Wo. of 
Plots 
Average No. 
of Trees 
Duff 
Depth 
15 4 99 2.47 
20 4 62 2.33 
30 1 63 2.77 
35 1 43 1.74 
45 2 20 1.99 
Precipitation And Moisture Content 
The surface layer duff on all plots was flammable moisture) 
throughout the summer except immediately following precipitation. Plot 
moisture contents showed increases from the previous week only when it 
rained the day of sampling or the evening before. Two exceptions to 
this occurred on north facing slopes hut in "both cases the moisture 
content remained helow 13 percent. 
Fourteen of the 107 weekly surface moisture averages were above 
20 percent. Five of these were taken within 2 hours after a rain of 
0.24" and 7 were taken on an overcast day following 2 days of rain 
during which 0.42" fell. 
Stickel (1931) found that the duff surface was flammable within 
36 hours after precipitation stopped. Show (1919) observed that the 
very top of the duff was dry enough to burn 1 hour after precipitation 
stopped. All his samples absorbed moisture from the atmosphere the 
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second night indicating that the effects of the rain had disappeared 
(Show, 1919)- He disregarded the possibility that the duff may have 
absorbed water from the soil beneath it. 
Surface moisture contents on the 12 plots studied were below 
20 percent within a day or two after each rain, provided the weather 
was conducive to evaporation. Two examples are given below. Samples 
were collected the day after a 2-day period of rain during which 0.42" 
fell. The moisture contents ranged from 12 to percent. Even though 
the day was overcast, 5 of the plot averages were below 20 percent. In 
another instance, 2 storms occurring 3 days apart deposited an average 
of 0.34". The clearcuts were sampled the following day and 11 of the 
12 plot averages were below 20 percent. 
The maximum moisture content the duff attains depends upon its 
age, degree of decomposition and heterogeneity (Show, I919). All 648 
moisture samples obtained during Phase I of this study were below 300 
percent and hhO were below 200 percent. One of the lower duff samples 
collected during the second phase of this study was 302 percent. 
Duff Moisture Content And Aspect 
Nelson (1959) gave four reasons for soil moisture variation 
which also appear to be applicable to duff. They are: l) uneven 
wetting, 2) uneven surface conditions, 3) duff heterogeneity and 
4) aspect. Other factors may be the kind, amount and distribution 
of vegetation above the duff surface. 
Barrows (1951) and Eyram and Jemison (194-3) list the aspects 
from dry to wet in the following order: south, west, east and north. 
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The order of ranking of the 12 plots in this study based on 31̂  paired 
observations is as follows: 
surface duff moisture: east - 11.Y, west = 13-0, 
south • 13.1, north • l4.8. 
lower duff moisture: south • $1.1; west • 58.6, 
north * 60.3, east " 63.0. 
average duff moisture: south " 32.1, west =• 35-8̂  
east « 37.3, north = 37•6• 
The east facing slopes had both the lowest surface moisture content 
and the highest lower layer moisture content. One explanation of this 
is that the small amounts of slash on the east plots allowed the 
radiant energy to heat the duff surface. The greater depth of the duff 
on these plots, however; kept the bottom layers from drying out. 
Hayes (19̂ 1) found that differences in exposure to dr̂ l̂ng in­
fluences after a rain were more important than the amount of rain in 
-determining the length of time fuel moisture remained above the level 
of flammability. However, slash density modifies the effects of aspect 
and slope in determining the amount and intensity of solar radiation 
reaching the duff. 
The surface moisture curves were all fairly similar in shape. 
The association between surface moisture content and clearcut was 
closer than between moisture content and aspect or percent slope. The 
correlation between surface moisture and clearcut may be attributed 
to at least 2 factors: 
1) Differences in slash may have been greater be­
tween than within clearcuts. 
2) Variation in sampling time; plots within a clear-
cut are closest together in time. 
Titrlmetric And Gravimetric Results 
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A comparison between results obtained by Fischer titration and 
by the gravimetric method showed that ovendrying consistently gave the 
higher results over the range tested. The average difference between 
the titrlmetric and ovendrying results was 10 percent; the average 
difference was 3-1 percent if just those samples below 20 percent were 
compared. Thus, as the samples became more moist, the difference 
between the two methods became greater. 
The repeatability of the Fischer titration apparatus is de­
monstrated in Table 5-
One shortcoming of the tltrlmeter should be pointed out. With 
small samples (100 mg), a difference of 0.1 ml of titrant will cause 
a difference of about 0.5 percent in the results. The tltrlmeter can 
be read accurately to the nearest 0.1 ml and can be estimated to the 
nearest 0.05 ml by visual means. A difference of about 0.1 mg in the 
weight of the sample will produce a difference of about 0.1 percent 
in the results. 
Titrlmetric And Hygrometer Results 
The comparison between duff hygrometer readings and titrlmetric 
averages showed the results were erratic (See Appendix F). These 
differences were probably caused by differences in the microclimate 
of the plots. The hygrometers were all placed in open locations where 
duff moisture was to a large extent dependent upon solar radiation. 
The titrlmetric sampling locations, on the other hand, occurred at 
random throughout each plot. Large differences in slash density were 
21+ 
TA.BLE 5 
REEEATABILITÏ CHECKS ON THE FISCHER TITRIMETER 
Moisture Content $ 
Sample No. ïst run 2nd run 3rd run 4th run 
1 10.0 9.2 
2 7.2 6.1 5.7 
3 7-7 7.5 4.0 
4 9.6 8.4 
5 10.8 10.8 
6 5-6 7.8 7.9 8.0 
7 6.4 6.2 6.9 6.3 
8 4.7 6.5 
9 9.0 9.6 
10 10.2 9.6 . 
11 11.1 11.7 
12 15.4 l4.l 
13 5-7 5.7 
14 19.3 19.9 22.2 
15 5-1 5.1 
16 6.8 6.3 
17 11.1 11.7 
18 6.8 6.4 6.2 6.5 
7.1 7.1 7.4 6,5 
7.7 7.1 7.4 
19 7.4 6.8 7.1 7.4 
6.8 7.4 
20 7.4 6.8 7.4 7.4 
6.8 6.5 
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encountered on the plots and these differences exerted a marked effect 
on the duff surface moisture content. However, when titrimetric samples 
were taken from open areas, the results were very similar to the 
hygrometer readings. 
Both hygrometer readings and titrimetric data were collected 
from several large samples of ponderosa pine (Pinus ponderosa. Laws) 
needles stored at the Northern Forest Fire Laboratory. After allowing 
the hygrometers 2 days to become acclimated to their environment, 
samples were taken. All 3 hygrometers "read" about 6.5 percent. Forty 
titrimetric repetitions yielded an average moisture of 6.9 percent 
with a range of 6.1 to 7.4 percent. It was concluded that the hygro­
meters were accurate to the nearest percent and differences observed 
in the field were due to differences in slash density. 
SUMMAEÏ -- EEiASE I 
Duff depths differed significantly "between all aspects "but 
the south & west and the north & east. The duff was deepest on east 
aspects (2.96 cm) and shallowest on south aspects (1-77 cm). Mean 
duff depth was 2.3 cm with a standard deviation of 0-55 cm. Average 
duff depths for each aspect were directly related to the number of 
trees present before logging. 
Precipitation from June - August in 1964 was 93 percent above 
average at the 2 permanent weather stations nearest the study plots. 
Precipitation differences between clearcuts were not significant 
statistically. 
Average summer duff surface moisture contents were below 16 
percent on all plots and were below 12 percent on 5 plots. Average 
weekly surface moistures were consistently below 20 percent. Summer 
averages of lower duff moisture contents were below 75 percent on 
all plots. East facing slopes had the lowest surface moisture 
average, but differences In surface duff moisture between aspects 
were not significant. Surface moisture contents dropped below 20 
percent within a day or two after precipitation providing the sky 
was clear. 
The Fischer titration method of moisture determination was 
more consistent and faster than the gravimetric method. 
Three duff hygrometers were field checked against the moisture 
determinations made by titration. The hygrometers were all placed 
in fairly open locations whereas samples for titration were collected 
27 
under many slash densities. Therefore, the results were not always 
comparable. Tests were later run under laboratory conditions and 
the results of the 2 methods showed complete agreement. 
CONCLUSIONS — PHASE I 
The conclusions presented "below are "based on data collected 
from 3 Douglas-fir clearcut "blocks in the vicinity of Missoulâ  
Montana and thus may not "be applicable to other areas. 
1) Duff surface moisture content averages were "below 20 
percent on all sampling days. 
a) The average duff surface moisture content was "below 
16 percent on all plots from July through August. 
"b ) This particular summer was unusually wet which 
suggests that the average duff moisture contents 
would "be lower, or at least "below 20 percent 
for longer periods of time during a "normal" 
summer. 
c) Aspect and slope had little effect upon the surface 
moisture content. 
2) Duff depths ranged from 1.5 to 3.0 cm. 
a) Significant differences in duff depths were found 
"between the following aspects: north & west, 
north & south, south & east, and east & west. 
b) Duff depths were greatest on the east facing 
plots and shallowest on the south facing plots. 
3) Moisture determinations "based on titrimetric methods 
are faster and more consistent than those determined 
"by gravimetric methods. 
4) Duff hygrometers appear to "be a rapid and accurate 
means of determining duff surface moisture in the 
field. 
PHASE II 
ELM OF INVESTIGATION 
The second phase of this study entails the use of fire analogs 
in estimating fire intensity and the effects of the duff depth and 
moisture content upon the analogs. Slash height, slope, and duff 
turned were thought to be related to water loss and were also measured 
along with duff depth and duff moisture. 
The moisture sampling and determination techniques used in 
this phase of the study were developed during Phase I. The summer 
duff drying curves helped in determining which prescribed fires to 
instrument. Observations on the variability of duff moisture and 
depth with changes in vegetation and location helped in establishing 
analog sample points within the clearcuts. 
Study Areas 
Eighteen prescribed fires were visited in western Montana 
during this phase of the study. Table 6 gives the location of each 
area, its elevation, aspect, fuel type and date logged. All areas 
were clearcut except No. 2 and 16 where seed trees were left. An 
attempt had been made to destroy the residual stand on all clearcuts 
before burning was initiated except on block Nos. 11, l4 and 15-
Basic Considerations 
Before the analogs could be used in the field, several questions 
TâBLE 6 
30 
DESCRIPTION OF 16 CLEAECUTS IN WESTERN ICNTANA 
Fire Date Elevation Fuel 
No. Date Location Aspect Logged in Feet p̂e 
1 9/9 Troy NW 63 2500 LPP* 
2 9/10 Troy - — 63 - - - - PP* 
3 9/15 Hilda N45W 63 5400 LPP 
Road nF*,L* 
k 9/15 Hilda NW 63 5k)o DF 
Road 
5 9/l6 Hilda N30E 63 5300 DF 
Road 
6 9/16 Hilda N50E 63 5400 DF 
Road 
7 9/19 Hilda S06E 63 5300 DF 
Road 
8 9/21 Spur N55W 63 4400 LPP 
Road PP, DF 
9 9/21 Spur W, N 63 4300 DF 
Road 
10 9/28 Daisy N06E 63 4200 DF 
Road LPP 
11 9/28 Daisy N85E 63 4200 DF 
Road 
12 9/28 Abty N04E 63 4600 DF 
Road 
13 9/30 KLue N55W 62 4700 DF 
Mat. 
14 10/5 Game N05W 63 4600 LPP 
Creek L, DF 
15 10/6 Divide W20E 63 5200 LPP 
Road S8OE L 
16 10/17 Marion - - - - 63 — — — — PP 
* LPP " Lodgepole pine; PP = Ponderosa pine; DF = Douglas-fir; 
L a Western Larch. 
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had to "be answered. Œhe analogs are not perfect radiators and thus 
will not absorb all the heat energy incident upon them. Some of the 
heat energy that is absorbed will be conducted to the soil. The 
soil will act as a heat sink because the bases of the analogs will 
be resting on mineral soil which will be at a lower temperature than 
the analogs during the fire. Some heat may also be conducted to the 
lower portions of the duff where a deep duff is present. There was 
some question as to the amount of water loss due to evaporation 
when the water in the analogs was not boiling. A buildup of pressure 
in the analogs would cause the boiling point to rise, while an in­
crease in elevation would decrease the boiling point of water. 
Heat Loss To The Soil 
The soil is probably near field capacity during the autumn 
burning season. The forest soils on the study areas are mostly sandy 
loams. Since water is a much better conductor of heat than soil 
solids, the thermal conductivity of the soil will depend upon its 
moisture content. The thermal conductivities of different loamy 
soils at about field capacity (23-30̂ ) vary between 0.0009 and 
0.0029 cal/sec/cm°C (Smith, 1939; Kersten, 19$l). 
Air is a poor conductor of heat, having a thermal conduct­
ivity of 0.00005 when motionless (Geiger, 1950). The amount of 
soil air or porosity of a soil under an analog has to be considered. 
Porosities of 50 - 60 percent are common in forest soils. The base 
of an analog has a surface area of 214 cm̂ . Given a porosity of 
50̂ , 107 cm̂  would conduct heat at the rate of 0.002 cal/sec/cm°C and 
107 cm̂  would conduct heat at the rate of 0.00005 cal/sec/cm°C. 
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The hase of an analog may not he in complete contact with 
the mineral soil even though each analog was rotated under hand 
pressure to try to eliminate all air space between its hase and the 
soil. Thus, the rate of heat transfer to the soil may even he further 
reduc ed. 
The temperature difference between the hase of an analog and 
mineral soil is prohahly between TO and 90°C when the water in the 
analog is boiling. When the water in the analog is not boiling, the 
difference is much less. Once heat transfer between an analog and 
the soil is initiated, the temperature difference will decrease 
depending mainly on the thermal diffusivity, moisture content and 
porosity of the soil. 
Assuming that the fuel surrounding the analog actively burns 
for 20 minutes and that the water inside the analog is boiling the 
entire time, the maximum total number of calories lost to the soil 
would be about 11,000. The heat of vaporization is $40 cal/gm. 
Since the water would not be boiling the entire 20 minutes and since 
some air would probably be trapped under the analog, the actual 
calories lost would be even less. Therefore, it was assumed that the 
heat lost to the soil would account for less than 1 percent of the water 
in an analog. 
Heat Loss To The Duff 
Some heat may also be conducted from the sides of an analog 
calories lost- (Thermal conductivity) (surface area) (time) 
(temperature gradient) 
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to the surrounding duff. The average duff depth encountered was 5 cm. 
Hiis depth results in an analog surface area of 260 cm̂  capable of 
conducting heat to the duff. The temperature gradient between an 
analog and the surrounding duff would be less than between an analog 
and the soil. A layer of air is also usually present between an 
analog and the duff. Therefore, the heat conducted from an analog 
to the surrounding duff would be less than that lost to the soil. 
Boiling Point And Elevation 
The effects of changes in the boiling point due to differences 
in elevation were studied to find if a correction factor was necessary 
for changes in elevation. The boiling point at any elevation up to 
10,000 feet may be found from the following formula. 
boiling point OC = 100 - (elevation in feet/lOOO)E/ 
The boiling points encountered in this study ranged from 95°C to 96°C. 
For each degree of reduction in the boiling point from that at mean 
sea level; 1 less calorie per gram or 3,000 less per analog are needed 
to boil the water. The total number of calories "saved" in bringing 
the water to a boil divided by the heat of vaporization will give the 
extra amount of water that could be evaporated. Thus, the largest 
variation possible in water loss per analog due to elevation for this 
2/ Derived from Table 86 in Berry, Bollay, and Beers. Handbook of 
Meteorology. McGraw-Hill Book Co. Inc. 11.Y• 1068pp. 19̂ 5» and 
the Table of Boiling Points Of Water in the Handbook of Chem­
istry and Physics. p211. 38ed. Chemical Rubber Pub. Co. Cleve­
land. 320pp. 1956. 
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study is 5-50 grains .-S/ This variation was considered insignificant 
in relation to the total average amount of water lost from an analog. 
A maximum water loss of about 28 gms can be attributed to elevation 
in western Montana. The pressure at any given elevation can fluctuate 
a few mm from day to day, but a change of at least 22 mm of mercury 
would be necessary to change the boiling point 1 degree C. 
Water Evaporation 
We needed to know the amount of water that would be lost 
through evaporation when the water in the analogs was not boiling. 
Beaufait (1965) ran a series of tests to determine the magnitude of 
this evaporation and found it was less than 1 percent of the total 
weight loss due to boiling as long as the evaporation holes were not 
punched in the analogs until just before ignition time. He also 
noted that there was no pressure build-up in the analogs during the 
test. 
Foreign material in the form of ash and fine fuels may fall 
into an analog through the 1 cm̂  evaporation hole in its lid. About 
50 analogs were opened after a series of test fires, but the amount 
of foreign material found in them was insignificant. 
3/ variation in water loss = [c(lOO - )/5̂ 0] - [c(lOO - Xg)/$4̂  
where C • calories per analog, = boiling point at highest 
elevation encountered in °C, and Xg = boiling point at lowest 
elevation encountered in °C. 
Methods 
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Phase I of this study showed that duff depth and moisture 
varied with fuel concentration. Sample points within each clearout 
were selected on the "basis of fuel concentration. The slash was 
divided into 3 categories as follows ; 
1) light slash - grass, needles and twigs. 
2) medium slash - "branches and small logs. 
3) heavy slash - logs over 15 cm diameter 
or slash over 70 cm in depth. 
Grouping was done by purposive selection to make sure the extremes in 
fuel concentrations were sampled. Cochran (1953) states that pur­
posive selection can give good results with a small sample size, "but 
that the method contains no element of random selection. 
As many as 12 sampling points were instrumented per fire; 
the exact number depending upon the time available before ignition. 
Erom 1 to 5 analogs were placed at each sampling point. Slash den­
sities varied over short distances; thus the number of analogs that 
could "be placed at any one sampling point was limited. 
Analogs were positioned "by clearing the duff from an area 
just equal to the area of the base of an analog and then placing the 
analog on the exposed mineral soil surface (See Figure 4). Care was 
taken not to remove any mineral soil. ïhe slash was disturbed as 
little as possible and the needles and duff removed were scattered 
downslope from each analog. The analog was then rotated under hand 
pressure to make sure no air remained between the analog and the soil. 
p 
Next, an evaporation hole 1 cm was punched in the lid of the analog 
with an ice axe. The height of the slash above the analog was 
FIGURE I 
jHCYING TYPTCAI, ANALOG TL 
Il A CL/^RCUT 
// .CAUORIMETERS 
./ORGANIC, DÛFF/À' 
MINERAL SOIL 
Servies rhctozranh 
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measured to the nearest 5 cm. White 2-meter range poles were placed 
at each sampling point to serve as reference points and to aid in 
relocating the analogs after the fire. The analogs at each sampling 
point were at least 60 cm apart. 
Sampling Procedure 
Duff measurements were taken within 15 cm of each analog. At 
each location, a metal rod was driven into the ground at right angles 
to the soil surface. The distance from the top of the rod to the duff 
was measured to the nearest millimeter. Moisture contents of both the 
upper and lower layers of duff were also sampled within 15 cm of each 
analogo Care was taken not to disturb the duff in the immediate 
vicinity of the rods. Weather observations (See Appendix G) were 
made utilizing a belt weather kit. The aspect, elevation and fuel 
type were recorded. 
Since most prescribed fires take place in the afternoon, the 
burn area is usually too hot to enter safely before dark; also, heat 
from the heavier fuels and glowing embers may still influence the 
site well after dark. Therefore, the analogs were left in the burn 
areas overnight and retrieved the following morning. As the analogs 
were collected, they were numbered and their evaporation holes taped 
to prevent further water loss. In case of impending rain, the holes 
were taped with waterproof tape as soon as the burn area could be 
entered. Any analog displaced due to movement of the slash during a 
fire was so marked on its lid. Any unusual features such as logs 
over 15 cm in diameter, etumps, or rocks within 60 cm of the analogs 
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were noted. These obstacles were avoided when possible, "but their 
presence was difficult to detect under heavy slash concentrations. 
When the analogs were retrieved, the distance from the top of 
each rod to the duff surface was again measured. Any ash surrounding 
the rod was first "blown away with a breath of air. The difference 
"between the two readings represented the amount of duff consumed by 
the fire. A cross-section of the duff between the two rods was ex­
posed and the depth of the duff (both unburned and charred) measured 
to the nearest mm. Although it was difficult to measure the duff 
to the nearest centimeter before burning, it could easily be measured 
to the nearest millimeter after burning. Small differences in residual 
duff may produce significant changes in seed germination and suz-vival 
rates. Finally the analogs were brought to a central location where 
they were weighed to the nearest gram on a triple-beam balance. 
Analysis 
A 1620 computer located on the University of Montana campus 
was used to analyse the data from Hiase II of the study. 
First a multiple correlation program (IBM No. 6.0.057) was 
ran to find the multiple correlation coefficients (S values) and 
residual sums of squares for all possible combinations of the in­
dependent variabiles. The most significant variables for each given 
number of variables were then determined and fed into a regression 
analysis program called SCRAP (IBM No. 6.0.003). 
The following variables were tested on these programs for 
linear association. 
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Dependent Variable Independent Variables 
= duff burned 
Xg =-duff unturned 
Zg = total duff depth 
Y = "water loss 4̂ " slope 
Xc = slash height 
X/ = surface moisture content 
Xj • lower duff moisture 
Xg = percent duff burned 
The programs available could not determine the cross products 
between the independent variables. Thus, the following 11 covariances 
were computed on a calculator and added to the computer program as 
independent variables. 
Xi X5, Xi X6, Xi Xy, Xi Xg, X3 X6, X3 Xy, X3 Xg, 
X5 Xa, X5 Xy, X̂  Xg, X̂  Xg 
Tae covariance itself does not indicate the presence of an inter­
action; it tests the relative dependence of the independent variables 
upon each other. If two variables independently produce low r values, 
but when multiplied together produce a high r value, they are dependent 
upon each other. The analysis of variance assumes that most inter­
actions are multiples of the independent variables; however, this 
does not mean that other interactions are not possible. For this 
reason, the actual multiple correlation coefficients may be different 
than those obtained in this analysis. 
The 4 covariances found most significant in the first program 
ho 
were added to the variables to be run through the second program 
giving a total of 12 independent variables. 
The null hypothesis of no linear association between Y and 
the 12 independent variables was tested at the .05 level of significance. 
The answers obtained were corrected for sample size where applicable 
according to Ezekiel (1930 ). 
Different mathematical functions may best represent the re­
lationships between the dependent variables and each of the independent 
variables. One way to visualize the curve of a particular relationship 
is to draw a scatter diagram (Ostle, 195̂ ). Simple parabolic relation­
ships were tried with total duff depth and slash height. The multiple 
correlation coefficients were increased by less than 0.03 in both 
cases so it was assumed linear relationships satisfactorily fit the 
data. 
The computer program (IBM No. 6.0.057) was composed of two 
parts. ïfe,rt 1 determined the coefficients of determination and re­
sidual sums of squares for all possible combinations of the in­
dependent variables. These results were then "read" into the com­
puter along with part 2 of the program to obtain the constants, re­
gression coefficients and multiple correlation coefficients of the 
different combinations. 
The second computer program (SCRAP) was also divided into 
2 parts. The first part measured the linear association of the 
variables by: 
l) determining the constant and regression coefficients 
of each variable. 
k l  
2) determining an F ratio which can "be used to 
determine whether the reduction in the sum of 
squares of the dependent variable caused "by 
the independent variables employed is signi­
ficant. 
3) calculating a t value for each regression co­
efficient which can be utilized to find the 
level of significance of each independent 
variable. 
4) computing a correlation coefficient which is 
a ratio of the explained variation to the 
total variation. 
Part 2 of the program is a plotback of the estimated values of Y 
determined from the independent variables. 
ERESMmTION OF THE MTA. 
Data were collected on 51 sample locations totaling 107 in­
dividual water loss observations. Only 53 of these analogs could be 
utilized; the other 5̂  were either dislodged or located in areas that 
did not burn (See Appendix G). These 53 analogs comprised 28 sample 
points which are presented in Table J. Insufficient duff moisture data 
were gathered at sample points 2, 3, 5 and 13- These were not used 
in the regression analysis either. 
It should be noted that samples of different size were collected 
at several of the sampling points. No correction factor was applied to 
even up the sample sizes. Thus, some error is present in the results 
of the regression analysis. 
The results of the regression analysis run on the final 23 
sample location averages are given in Table 8. Due to the large num­
ber of possible combinations of the 12 variables, only those with an 
E-square greater than .760 were punched out. The lower punch-out 
limit for the E-sguares of the covariances was set at .360. 
The coefficients of correlation of all 8 single independent 
variables can be found in Table 8. The most significant combinations 
of both the independent and covariance variables for each number of 
variables and their R-square appear in Appendix H. The original and 
corrected multiple correlation coefficients of the 12 most important 
combinations for each number of variables are reproduced in Table 9. 
These 12 combinations were then analyzed by the main computer program. 
The results can be found in Table 10. 
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T/fflLE 7 
AVERAGED DATA COLLECTED ON 28 SAMPLING POINTS 
% 
0 )  
H  - P  Water Total Duff Duff Un- # Duff Slash Duff Moisture 
H  6  g  - H  Loss Duff Burned Burned Burned Slope Height Surface Lower 
• H  P  
k  s  ' M  C L ,  ( s m )  (mm) (gm) ( g m )  (gm) 
1 1 0 2.1 0.3 1.8 14 10 7 0  1 7  2U4 
8 2 1656* 3 . 9 *  3 . 5 *  0 . 5 *  9 0  45 05 - - -
8 3 150* 3 . 6  2.0 1.6 56 05 35 - - — -
8 4 167 4.2* 1.4 1.4* 33 05 (iO - - —  — -
8 5 497 4.8 3 . 2  1.6 67 05 55 - -
6 6 10 6.2* 3.4 3 . 0 *  55 25 15 13 47 
6 7 35 9.2 0,2 9 . 0  02 25 55 16 61 
6 8 851 6.6* 6.3* 0.3 95 25 65 20 79 
5 9 240 8 . 5  3.9 4.5 46 20 4o 13 79 
5 10 1194 4.3 2.4 1.8 56 20 70 18 54 
5 11 9* 3.4 0.8 2.6 24 20 20 10 22 
11 12 207 3.7 1.9 1.7 51 20 4o 15 131 
11 13 646* 5.9 0.4 5-5 07 20 65 - - 302 
7 14 1281 7.7 2.6 5.1 34 30 45 11 111 
7 15 1775 9 . 9  6.0 3.9 61 30 65 10 204 
7 16 1236 7,2* 5.5* 1.6 76 30 30 8 15 
7 17 146 5.7 2.2 3.5 39 30 0 6 14 
3 18 2103** 6.8* 5.4* 1.4* 79 50 60 12 153 
3 19 1244 8.1** 6.9** 0.7* 85 50 30 13 167 
3 20 1315* 7.5 4.2 3 . 3  56 50 15 l4* 198 
3 21 1835 4.5* 2.3* 2.2 51 50 120 19 158 
12 22 171 3.6** 0.7 2.1** 19 15 35 18 173 
12 23 2 12.8 0.0 12.8 0 15 50 24 216 
10 2 k  176 3.1 0.8 2.4 26 15 5̂ 18 70f 
10 25 331 3.7 1.4 2.4 38 15 70 20 200f 
15 26 1373 3.6 3.4 0.2 94 10 45 19 135 
15 27 2067 
689 
4.8 4.3 0.5 90 10 75 1 7  103 
15 28 1.9* 1.3* 0.5 68 10 50 13 139 
* one sample destroyed 
** • two aam.ples destroyed 
TABLE 8 
CORRELATION COEFFICIENTS OF 8 VARIABLES 
Variable r-square r 
1 .4478 .6692 
2 .1855 .4307 
3 .0124 0.111 
if .2430 .4929 
5 .1464 .3826 
6 .0116 0.108 
T .0407 0,202 
8 .4899 .6999 
.404 .05 level of significance with 22 df. for r 
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mELE 9 
ORIGINAL AND CORRECTED MULTIPLE CORRELATION COEFFICIENTS 
No. of In­
dependent Original Corrected Table 
Variables Variable List R-sauare R R Values 
3 k ,  I x J ,  5x8 .7804 .884 .86 .509* 
k  1,4,1x6,5x8 .8234 .907 .88 '575 
5 1,4,1x6,1x7,5x8 .8452 .919 .89 .628 
6 1,4,8,1x6,5x8, 
6x8 
.8596 .927 .90 .673 
T 1,3,4,1x6,1x7, 
5x8,6x8 
.8737 .935 .90 .712 
8 1,2,4,7,8,1x6, 
5x8,6x8 
.8848 .941 .91 .746 
9 1,2,3,4,7,8,1x6, 
5x8,6x8 
.8931 .945 • 91 .779 
10 1,2,3,4,6,7,8, 
1x6,5x8,6x8 
.8956 .946 .90 .805 
11 1-8,1x6,5x8,6x8 .8957 .946 .88 .816 
12 1-8,1x6,1x7, .8963 .946 .88 .827 
5x8,6x8 
* • significance at the .05 level 
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TA-ELE 10 
SIGNIFICMCE OF DIFFERENT VARIABLE COMBINATIONS 
No. of variables 3 
Variable list 4 1x7 5x8 
t Test 4.07 2.47 26.75 
F ratio 22.51 
tabular t = 4.35 at 
tabular F = 3•49 at 
.05 level of significance 
.05 level of significance with 20 and 2 df. 
No. of variables 4 
Variable list 1 4 1x6 5x8 
t Test 6.88 5.73 6.4o 34.67 
F ratio 20.98 
tabular t = 4.38 at 
tabular F = 3=13 at 
.05 level of significance 
.05 level of significance with 19 and 3 df. 
No. of variables 5 
Variable list 1 4 1x6 1x7 $x8 
t Test 4.06 3.26 T-IO 2.39 35-39 
F ratio l8.56 
tabular t = 4.4l at .05 level of significance 
tabular F = 2.93 at .05 level of significance with I8 and 4 df. 
1+7 
ÏABLE 10 COWT. 
Wo. of variables 6 
Variable list 1 4 8 6x8 1x6 5x8 
t Test 6.53 8.82 2.93 3.87 7.19 16.59 
F ratio 16.33 
tabular t -  4.45 at .05 level of significance 
tabular F- 2.8l at .05 level of significance with 17 and 5 df. 
No. of variables 7 
Variable list 1 3 4 6x8 1x6 1x7 5x8 
t Test 5.97 1.95 5.28 3.15 9.49 2.45 18.11 
F ratio l4.8l 
tabular t  -  4.49 at .05 level of significance 
tabular F = 2.74 at .05 level of significance for 16 and 6 df. 
No. of variables 8 
Variable list 1 2 4 7 8  6x8 1x6 5x8 
t Test 5.92 0.63 7.59 1.83 1.34 3.19 7.28 16.78 
F ratio 13.44 
tabular t — 4.54 at .05 level of significance 
tabular F = 2.70 at .05 level of significance with 15 and 7 df. 
ÏÏ0. of variables 9 
Variable list 1 2 3 4 7 8 6x8 1x6 5x8 
t Test .99 .99 -16 7.32 .34 1.02 2.38 5.09 14.38 
F ratio 10.I8 
tabular t  -  4.60 at .*05 level of significance 
tabular F = 2.7O at ,05 level of significance 
No. of variables 10 
Variable list 1 2 3 4 6 7 8 6x8 1x6 5x8 
t Test 0.61 0.26 0.43 6.68 l.l8 1.10 I.89 3-52 5.46 15-44 
F ratio 9•40 
tabular t = 4.67 at -O5 level of significance 
tabular F= 2.72 at .05 level of significance with 13 and 9 df. 
No. of variables 11 
Variable list 12345678 6x8 1x6 5x8 
t Otst 1.13 0.06 1.38 7.52 0.91 0.32 1.36 2.77 3.99 6.33 14.66 
F ratio 8.57 
tabular t = 4.75 at .05 level of significance 
tabular F = 2.76 at .05 level of significance with 12 and 10 df. 
No. of variables 12 
Variable list 12345678 6x8 1x6 1x7 5x8 
t Test 1.03 0.06 0.12 5.77 0.78 0.21 0.34 I.96 2.87 5.24 0.00 4.02 
F ratio 7.15 
tabular t = 4.84 at .05 level of significance 
tabular F = 2.82 at .05 level of significance with 11 and 11 df. 
DISCUSSION OF THE RESULTS 
None of the combinations of variables consisting of pre-
fire measurements (ie. variables 3, 5̂  6, J, 3x6, 3x7, 5x6, and 
5x7) had an R-square value high enough to be punched out. Percent 
slope was the only significant pre-fire variable (See Table 10). 
Thus, although one or more combinations of these pre-fire variables 
may be used to predict water loss from the analogs, they will ex­
plain less than 76 percent of the variation in water loss. 
The closest association between individual post fire measure­
ments and water loss was achieved with percent duff reduction 
(r =.70). This correlation suggests that percent duff loss can 
be estimated from analog weight loss. Several factors apparently 
affect the relationship between percent duff reduction and water 
loss. The slash on a particular area may be dry enough to burn 
while the shaded duff beneath is still quite moist. A fire under 
these conditions may be expected to result in a greater than normal 
analog water loss to duff reduction ratio- The depth of the duff 
determines the surface area of an analog exposed to radiant and con-
vective heat during a fire. Analog surface area exposed with dif­
ferent duff depths can be found in Appendix I. Another consideration 
is the rate at which the duff is consumed to expose more analog 
surface area. This rate depends mainly on the moisture content of 
the duff and the amount of heat available to drive off the moisture. 
The coefficient of multiple correlation (R) measures the com­
bined importance of the independent variables used in explaining 
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variations in the independent variable. More variation was explained 
in this study with 9 variables than with 12. In fact; almost as 
much of the variation in the dependent variable was explained with 3 
variables ([4̂  as was explained with 9 variables (83̂ - Naturally, 
the more variation that is explained, the better the prediction 
equation; however, the economics of adding each additional variable 
after the first may also be important. Due to the method used to 
determine the dependence of the independent variables, 5 variables 
would actually have to be measured in order to use the 3 variable 
equation. Five would also have to be measured for the 6 variable 
equation. In this particular study, it was decided to use the 6 
variable equation. 
The equation of the line that linearly represents the data 
as determined by the least squares method is given below. 
? - + Vh + ̂ 8̂ =8 + t6x8%6%8 + Wlx6 + 
Y - 510.1 + T50.63(Xĵ ) + 20.52(Xij) + (-33.68)(Xg) + 2-6T(Xbxgyi 
(-56.35)(X^^) + 
Where : 
y • analog water loss in gm. 
a and b are constants 
= duff reduction in cm. 
• percent slope 
Xg • percent duff burned 
X = Ute product between surface duff moisture in 
percent and duff burned. 
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X = The covarlanoe between duff reduction and surface 
duff moisture. 
X Q = The covarlance between slash height in cm and percent 
duff reduction. 
Significance of The Variables 
Duff Consumed 
The amount of duff consumed was one of the four variables 
individually significant. This variable would be expected to ex­
plain much of the variation in the dependent variable for two 
reasons. First, the analog surface area exposed to heat energy 
would depend upon duff depth. Second, the amount of duff consumed 
is an indication of the energy release of the fire; the more duff 
consumed, the hotter the fire and the more water evaporated from the 
analogs. This factor was also relatively important in combination 
with other variables. It appeared in all combinations except the 
one employing three variables. 
Percent Duff Burned 
This variable was also significant. It is probably a better 
variable to use than the amount of duff consumed because it takes into 
effect the original duff depth. In a more precise computer program 
this variable would be part of the interaction between duff burned 
and total duff depth. Although this variable was important by it­
self, it was Insignificant in the six variable combinations in which 
it appeared. The variables used in conjunction with percent duff 
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consumed overestimated water loss. Percent duff consumed compensated 
for these overestimates and its regression coefficient was thus 
negative. 
Duff Unturned 
Post fire duff depth was also significant at the 95 percent 
level. This factor was important because it was a measure of energy 
release and exposed analog surface area. This variable had a negative 
effect on water loss which would "be expected. When used in combination 
with other variables it was relatively unimportant, "being insignifi­
cant in the four combinations where it did appear. 
Percent Slope 
Percent slope was the other variable individually significant 
at the 95 percent level- As percent slope increases in the Northern 
Hemisphere the amount of radiant energy incident upon a given area 
increases on south and west slopes and decreases on north and east 
slopes. Roughly one-half of the data was collected within the l80 
degree range between SE and EW. Percent slope was a significant 
factor in eight of the ten variable combinations. Insufficient 
data were collected to test for interactions between slope and as­
pect, or for changes in fire behavior with different slopes. 
Total Duff Depth 
Duff depth was tested to find if the original analog surface 
area exposed was important. This factor was not significant individu-
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ally or In the four combinations where it was present. The reason 
may he that the same source of energy that initiates heating of the 
analog water ignites the duff surrounding the analog. It is con­
ceivable that much of the surrounding duff is consumed by the time the 
analog water begins to boil; howeverit seems more likely that an 
association does exist, but that its presence was undetected in this 
study. There may be a given depth, below which there is no difference, 
but above which the magnitude of the water loss would be dependent 
upon duff depth, the deeper the duff, the larger the influence. Not 
enough sample points were taken to warrant dividing the duff into 
different depth groups to test this hypothesis. 
Slash Height 
Slash height was not significant by itself and appeared in 
only two of the ten combinations. Slash density would have given a 
much truer representation of the amount of fuel above an analog but 
there is no easy way to measure this factor. 
Surface Duff Moisture Content 
Upper duff moisture was not significant individually and was 
present in only three of the ten variable combinations. These re­
sults are perfectly reasonable because samples would almost always 
fall within the moisture range that would allow combustion. 
Lower Layer Duff Moisture Content 
This variable was unimportant both independently and in com-
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blnation with other variables. It was originally thought that the 
lower duff moisture would be an important variable in determining 
water loss because of its effect upon the rate at which the duff 
would be consumed. However, this hypothesis was not proved in this 
/ 
study. 
Duff Burned x Surface Duff Moisture 
These two variables were found to have a combined effect upon 
the dependent variable that was different than the sum of their in­
dividual effects. This covariance appeared in nine of the ten com­
binations and was significant in all cases. The only combination it 
did not occur in was the one containing three variables. An increase 
in this covariance was associated with a decrease in the amount of 
water lost. A logical explanation is that the duff consumed de­
pended on the surface moisture of the duff. 
Duff Burned x Lower Layer Moisture Content 
This variable was not significant in any of the 3 combinations 
it appeared in. It was thought that this covariance would influence 
water loss more strongly than the covariance between duff burned ajid 
surface duff moisture content, but this may not be true. However, 
it must be remembered that covariances and not the actual interactions 
were tested. 
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Slash Height x Percent Duff Consumed 
This variable was the most important covariance tested for 
it appeared in all of the variable combinations and was significant 
in nine of them. Slash height would he expected to dictate the per­
centage of duff consumed. Slash height and percent duff consumed 
together measure most of the fuel present which in turn governs water 
loss. 
Surface Moisture Content x Percent Duff Consumed 
This covariance appeared in seven of the ten variable com­
binations but it was not significant in any of them. The duff is 
capable of burning throughout the range of the surface moistures 
measured and the duff moisture would be rapidly evaporated. 
Statistical Methods 
An analysis of variance was run on each of the ten combinations 
of variables to determine if the reduction in water loss sum of squares 
caused by the various independent variables used was due to chance. 
The F values obtained were all significant at the 95 percent level 
(See Table 10 ). 
The standard error of estimate measures how close the estimated 
values of the dependent variable are to the actual observed values. 
The standard error of estimate for the 6 variable regression, cor-
%̂ cted for sample size equals 276. The standard error of estimate 
increases as the estimating values get further away from the mean. 
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The ratio of the standard error of estimate of water loss to 
its standard deviation is O.38. Thus, there is up to 62 percent 
less error in estimating water loss hy utilizing the prediction 
equation. 
With small samples, the reliability of the R value varies with 
the correlation, size of sample and number of independent variables 
(Ezekiel, 1930). Correcting for these sources of variation gives a 
minimum correlation of R equal to 0.80 in the universe. 
General Observations 
Moisture Content 
Twenty percent was the limiting surface duff moisture for the 
prescribed fires studied. The upper duff moisture content was above 
20 percent at only 1 of the 23 sampling points. It was 2k percent 
in this case. Wo water loss or duff reduction accompanied this fire. 
Water Loss And Duff Loss 
In general, the more water lost, the higher the percentage of 
duff consumed. When water loss was greater than 400 gms., duff loss 
was over 50 percent in 13 out of 15 cases (87̂ ). 
One sample point had a slash height of 65 cm. and a lower duff 
moisture of 302 percent. Thus although over 600 gms. of water were 
lost, only 7 percent of the duff was consumed. Wo apparent reason 
for the high water loss (128I gms.) and small amount of duff re­
duction (3̂ $) could be found for the other example. 
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Duff loss was below 50 percent in 13 out of l8 cases (72$) 
where water loss was "below 400 gms. Large percent duff reductions 
(75%) and small water losses (<400 gms.) were probably due to the 
duff smoldering for several hours after the fire front had passed. 
The duff was still smoldering at one sample point when post fire 
observations were initiated the morning after the fire. 
Several instances (sample points 1; 6 and 11) were found where 
the ignition torches were held in one spot long enough to generate 
enough heat to sustain combustion in that area. Where the slash 
thinned out, the fire was hot capable of generating enough heat to 
dry the fuel ahead of it. The result was a scattering of spot burns 
throughout the clearcut. On all clearcuts where this phenomenon was 
noted; the sample points were within or veiy near the spot burns. 
This relationship may indicate the desire of the men doing the ig­
niting to make sure data was obtained from the sample points. 
Water Loss And Species 
The greatest analog water loss was found on the two clearcuts 
containing an association of western larch and lodgepole pine. The 
average water loss at the J sample points on these clearcuts was 
1518 gms. compared to a mean of h-J9 gms. for the other sample points. 
No predictions can be made of the relative heat energy released by 
species from this study since species data were not taken. 
Analogs in 2-year old slash showed less water loss than those 
in "fresh" slash. This might be expected on the clearcuts studied 
because Douglas-fir usually drops its needles the winter following 
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logging (Fahnestock; i960). 
Fire Whirls And Water Loss 
Several fire whirlwindŝ  were observed on the study fires. 
The duff at one sample point on a test fire was completely consumed 
along with all the water in the analog at that point. The possi­
bility that this severely burned area was caused by a fire whirl 
should not be overlooked. 
A description of a fire whirlwind can be found in Graham, H.E. 
A fire-whirlwind of tornadic violence. Fire Control Notes 13 
(2): 22-24. 1952. 
SUMMEY — PHASE II 
Phase II of the study was conducted at l8 prescribed fires in 
western Montana during the 1964 autumn turning season. A computer 
was employed to run multiple regression analyses on the data to 
find the most important combinations of variables. 
Percent slope was the only significant pre-fire variable. 
This factor explained 2k- percent of the variation in water loss. The 
most important post fire variable was percent duff consumed which ex­
plained 49 percent of the variance in water loss. The clearcuts were 
usually burned during periods of low surface moisture and thus 
moisture effects were minimal. 
The computer program used could not determine whether inter­
actions between the variables existed. Consequently, selected vari­
ables were multiplied by each other to give covariances and added to 
the computer programs as independent variables. Simple product inter­
actions are the most common but other types are possible. Therefore, 
the relative importance of the variables as determined by this pro­
gram may differ from the true order. 
Percent slope and the covariance between slash height and 
percent duff burned were significant in all combinations of variables 
obtained. Besides these two factors, the following variables appeared 
to add significantly to the explained variation in one or more of the 
combinations: duff consumed, percent duff burned, duff consumed x 
surface moisture and surface moisture x percent duff consumed. The 
above combination of variables, corrected for sample size, accounted 
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for 8l percent of the variation in analog water loss. The standard 
error of estimate for this combination was 2J6 gms. 
Several rather general observations were also noted. No water 
loss occurred when burning was initiated with surface moisture in ex­
cess of 20 percent. Therefore, it is recommended that prescribed 
burning of clearcuts similar to the ones studied should not be 
attempted unless surface duff moisture is below 20 percent. Fire 
behavior on clearcuts is probably more dependent on the fine slash 
moisture but this factor was not measured. 
Analog water losses in excess of 400 gms. were usually as­
sociated with duff reductions over 50 percent. Analog water losses 
less than 400 gms. were usually associated with less than 50 percent 
duff reduction. Some exceptions to this seemed to be caused by the 
duff smoldering for many hours after the fire front had passed. 
CONCLUSIONS -- EHASE II 
These conclusions are "based on data collected at l8 pre-
scri'bed fires in western Montana during the 1964 autumn "burning 
season. 
1) Total duff depth and duff moisture content had little 
effect on analog water loss. 
2) Percent slope was the only pre-fire varia'ble that was 
significant. It explained 2k- percent of the variance 
in the dependent variable. All pre-fire varia'bles, 
"both singly and in com'bination, explained less than 
76 percent of the variation in water loss. 
3) Percent duff reduction explained 49 percent of the 
variance in analog water loss. 
4) Duff "burned; duff unturned, percent duff "burned and 
percent slope were all individually significant at 
the 95 percent level in explaining water loss. 
a) A 6 variable regression equation was used. It ex­
plained at least 8l percent of the variance in 
water loss when corrected for sample size. 
b) Analog water loss = â  + b̂  (duff reduction in cm.) 
+ bg (percent slope) + bg (percent duff burned) + 
b|̂  (surface duff moisture in percent x duff burned 
in percent) + b̂  (duff reduction in cm. x surface 
duff moisture in percent) + b, (slash height in 
cm. X percent duff reduction) 
5) When site preparation utilizing fire is planned on 
Douglas-fir clearcuts, surface duff moisture content 
should be less than 20 percent before prescribed 
burning is initiated. 
SUMMAEÏ and RECOMVENDATIOWS 
The range of duff depths and duff moisture contents on Douglas-
fir clearcuts was sampled and the effects of these 2 factors upon the 
response of water can fire analogs during fires assessed. The analogs 
consist of 1-gallon cans painted flat "black and filled with 3 liters 
of tap water. The analogs are being used to evaluate energy release 
during prescribed fires by placing them in areas to be burned. The 
amount of water lost due to evaporation during a fire is analogous 
to the heat energy released at that point in the fire. 
This study was divided into two phases. In the first, the 
duff was sampled weekly on 3 Douglas-fir clearcuts in western Montana 
during July and August of 1964. Average summer duff surface moisture 
contents were below 16 percent on all plots. Average weekly duff sur­
face moisture contents were all below 20 percent even though pre­
cipitation records at the 2 closest permanent weather stations were 
93 percent above normal for this 2 month period. East slopes had 
the lowest surface moistures but no significant difference was found 
between surface duff moisture and aspect. Moisture contents were 
determined by the Fischer titration method which proved to be more 
rapid and more consistent than gravimetric methods. 
Three duff hygrometers were checked against titration results, 
both in the field and under laboratory conditions. Comparison of the 
2 methods showed close agreement. 
Duff depths differed significantly between north & south, 
north & west, east & west, and east & south aspects. The duff was 
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deepest on east aspects and shallowest on south aspects. 
Phase 11 entailed the collection and analyses of fire re­
lated data from 16 prescribed fires in western Montana. Individual 
variables and selected pairs of variables were combined in a computer 
program as independent variables. The following 6 variables were 
used in the final regression equation: duff "burned, percent slope, 
slash height x percent duff burned, duff burned x surface duff mois­
ture content, percent duff burned and surface duff moisture content 
X percent duff burned. All variables but the last 2 were significant 
at the 95 percent probability level. This combination of variables, 
corrected for sample size, explained 8l percent of the variation in 
analog water loss. 
Analog water losses over 400 gros, were usually accompanied by 
duff reductions greater than 50 percent. Combustion was curtailed on 
those clearcuts burned when duff surface moisture contents were above 
20 percent. 
The standard error of estimate of the final regression equation 
was 276 gms. Twelve of the 28 sample point water loss averages were 
below this figure. Farther studies of duff moisture over a wider 
range of forest types and precipitation zones on areas similar to 
those used in this study should reduce the standard error of estimate 
to a more tolerable level by contributing to the discovery of a 
mathematical function that gives a truer representation of the data. 
The effects of many of the fire related variables upon analog 
water loss can be determined through laboratory experimentation. 
Studies of the effects of slash density and slash moisture content 
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should "be initiated. 
Fire whirlwinds are a common occurrence in prescribed fires. 
Their effect upon analog water loss should be assessed. 
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APPENDIX C 
MALYSIS OF VARIMCE FOR DIFFERENCES IN 
DOUGLAS-FIR DUFF SURFACE MDISTURE 
BETWEEN ASPECTS, SLOPES AND CLEARCUTS 
ASPECTS 
Source Sum of Squares df Var. Calcu­
lated 
F 
Aspect 366.5 3 122.8 
1.49 
Error 23214.6 282 82.3 
Total 23583.2 285 
tabular F at .05 significance level - 2,65 
* Data were collected on plots facing the 
4 cardinal directions. 
SLOPES 
Source Sum of Squares df Var. Calcu­
lated 
F 
Slope 130.7 2 65.3 
0 
Error 23451.2 283 83<2 
Total 23581.8 285 
tabular F at .05 significance levels. 
* Slopes were divided into 3 classes: 
0-15$, 16-29# and 30-45# 
3.00 
CLEARCUT 
Source Sum of Squares df Var. Calcu­
lated 
F 
Clearcut 124.7 2 62.3 
0 
Error 23457.2 283 82.9 
Total 23581.9 285 
tabular F at .05 significance level = 3-00 
* Data were collected on 3 clearcuts within 1 mile 
of one another. 
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APPENDIX D 
DIPÎEEENCES BETWEEN TWO METHODS ( 1 j i 
Percent Moisture Content 
Differences Titration Ovendrying 
7.5 7.6 + 0.1 
8.6 9.3 + 0.7 
13.4 15.2 +1.8 
12.8 16.4 +3 • 6 
9.2 10.3 +1.1 
9.7 11.7 +2.0 
18.8 19.8 +1.0 
10.9 13.9 +3.0 
l4.o 18.3 +4.3 
25.1 36.7 +11.6 
20.7 28.8 +8.1 
11-5 14.2 +2.7 
l4.o 19.7 +5.7 
18.5 24.1 +5.6 
17.9 21.9 +4.0 
36.4 77.8 +41.4 
12.0 15.1 +3.1 
1À.6 19.1 +4.5 
12.T 17.0 +4.3 
18.2 28.0 +9.8 
17.6 24.9 +7.3 
23.6 39.1 +15.5 
20.7 27.7 +7.0 
33.2 67.4 +34.2 
15.2 23.2 +8.0 
26.3 44.9 +18.6 
12.6 19.0 +6.4 
12.1 15.0 +2.9 
23.0 33.3 410.3 
27.4 55.9 +28.5 
16.6 22.4 +5.8 
15.6 22.7 +7.1 
20.5 28.6 +8.1 
21.0 33.4 +12.4 
23.9 45.2 +21.3 
20.h 33.3 +12.9 
17.3 24.5 +7.2 
24.T 34.6 49.9 
21.1 33.5 +12.4 
27.5 28.9 +1.4 
10.9 24.4 +13.5 
10.9 15.5 +4.6 
22.4 33.6 +11.2 
APPENDIX E 
WEEKLY DUPF HYGROMETER READINGS BY TIME AND PLOT 
Date 
Plot 1 #226 
Time  ̂Moisture 
Plot 2 #251 
Time io Moisture 
Plot 4 #218 
Time % Moisture 
7/2 12:10 4o 12:15 14 12:25 22 
7/9 11:20 
11:55 
50 + 
35 
12:40 23 3:15 18 
7/15 3:30 20 4:05 17 1:30 45 
7/23 4:00 7 4:30 7 1:50 9 
7/30 1:45 9.5 2:25 9-5 3:35 45 
8/6 3:45 6 4:25 6 2:15 10 
8/13 11:00 
11.25 
31 
3p 
10:30 34 2:00 4o 
8/20 3:25 11 4:00 9.5 1:35 29 
8/27 12:40 4o 1:20 13 3:15 24 
9/3 10:20 50 11:10 50 1:25 50+ 
50+ 
45 
40 
35 
30 
25 
20 
15 
10 
5 
50+ 
45 
40 
35 
30 
25 
20 
15 
10 
5 
50+ 
45 
40 
35 
30 
25 
20 
15 
10 
5 
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Plot 1 
Comparison of Surface Moisture 
Curves as Determined by Duff 
Hygrometers and Fischer Titration 
Hygrometer •••• 
Titration miHi 
Plot 2 
Plot 4 
^25 7/9 7/15 7/23 7/30 8/6 8/13 8/20 8/27 9/3 
Date 
WmTIŒR, IGNITION TIME AND ANALOG 
INFOEMTIOW ON 16 CLEAECUTS 
Fire Wind Wind Time Slash No. of Analogs Sample 
No. 8ky Speed Dirct. Temp. idrh Burned. Density placed affected dislodged Points 
1 cloudy 0 62 45 5:00 a 16 0 0 4 
2 clear — — = — — — — 2:00 a 11 0 0 11 
3 clear 0-3 sw 57 59 6:00 1,2,3* 11 8 3 4 
k clear " — = « " — — — — " 9:00 - 0 0 0 0 
5 clear 0 » 63 42 6:15 1,2,3 6 5 1 3 
6 clear 0 —  —  — — — «• 9:00 1,2,3 6 5 0 3 
7 cloudy 4-6 sw 53 51 6:00 1,2,2,2 11 11 0 4 
8 rain 0 — " 48 94 5:45 . 1,2,3 6 4 1 3 
9 rain 0 — — 49 88 7:00 1,2,2 6 1 1 3 
10 cloudy 0-2 •  — —  —  62 41 2:15 2,3 4 4 0 2 
11 cloudy 2-3 w 63 42 5:30 1,3 4 4 0 2 
12 cloudy 0 — 59 46 6:10 2,2 3 2 0 2 
13 rain =  — —  —  — —  — = 12:00 1,2,2,2 10 0 0 5 
14 clear — — — —  —  "  51 60 5:00 2,2 4 0 0 2 
15 clear 2-3 NE 67 31 3:15 2,2,2 9 9 0 3 
16 cloudy —  —  —  12:00 - 0 0 0 0 
a =i analogs placed "by mechanical selection of sample points 
* (See page 35) 
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APPENDIX H 
COEFFICIENTS OF CORRELATION OF THE MDST SIGNIFICANT 
COMBINATIONS OF INDEPENDENT AJD INTERACTION VARIABLES 
No. of Variable No. of Variable 
Variables R-square List Variables R-square List 
1 .4899 8 3 .4806 1x6,5x8,6x8 
2 .6562 1,2 4 .5340 1x6,1x7,5x8, 
3 .7462 2,4,8 5 .5563 1x6,1x7,3x6 
5x8,6x8 
k .7662 2,4,6,8 
6 .5920 1x6,1x7,3x6 
5 .7868 2,4,6,7,8 3x7,5x8,6x8 
6 .8063 2,4,5,6, 7 .6089 1x5;1x6,1x7 
7,8 3x6,3x7,5x8 
6x8 
7 .8130 1,2,3,4, 
6,7,8 8 .6289 1x5,1x6,1x7 
1x8,3x6,3x7 
8 .8156 1,2,3,4, 5x8,6x8 
5,6,7,8 
9 .6363 1x5,1x6,1x7 
1x8,3x6,3x7 
3x8,5x8,6x8 
10 .6428 1x5,1x6,1x7 
1x8,3x6,3x7 
3x8,4x6,5x8 
6x8 
11 .6457 1x5,1x6,1x7 
1x8,3x6,3x7 
3x8,5x6,5x7 
5x8,6x8 
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ANALOG SURFACE AEEA EXPOSED TO RADIANT AND CONNECTIVE 
HEAT ENERGY WITH DIFFERENT DUFF DEPTHS 
Duff depth in cm. Exposed analog surface area In cm. 
0 1202 
1 114i 
2 1099 
3 1034 
4 995 
5 943 
6 891 
7 839 
8 788 
9 736 
10 685 
11 633 
12 583 
13 529 
14 477 
15 425 
16 373 
17 320 
18 266 
19 214 
